Introduction
Air pollution in Kosovo constitutes a serious risk to the health of the population, especially in urban areas. It was estimated in a World Bank Review that urban air pollution
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Open Access emissions that affect air quality and potentially human health. It is therefore not possible to make environmental health policy decisions on the basis of risk assessment informed by reliable data on emission sources, human exposures and adverse health effects. Two major air pollution sources in Kosovo are in Kastriot/Obiliq (lignite-based power plants and lignite mines) and Drenas/Gllogovc (ferronickel smelting plant). The chemistry of the pollution emitted from these two sources is complex, and these localities have particularly bad air quality [1] .
In 2003 it was reported that one of the five units of Kosovo A power plants in Kastriot/Obiliq was emitting about 25 tons of dust and ash per hour, exceeding the European standards for dust pollution by 74 times and leading to an increased risk for respiratory and other diseases [6] . The World Bank report showed that the estimates of air emissions for key pollutants from power plants in Kastriot/Obiliq in 2010 exceeded acceptable limits (set by EC Directive 2001/80/EC and Athens Memorandum) for SO 2 , NOx and dust (particulate matter) [1] . Power plants in Kastriot/Obiliq have an impact on the surrounding municipalities and are of particular relevance for Prishtina (the capital city of Kosovo), which is only a few km distant.
The situation of environmental pollution in Drenas/ Gllogovc is concerning too. Data from the MESP show ozone (O 3 ) exceeding the permitted level in the urban monitoring station located in Drenas/Gllogovc in four cases during the summers of 2010 and 2011 with a maximum 1h average value of 180 μg/m 3 [2] . Furthermore, according to the same report, during 2011 there were 41 days exceeding the limit values for PM 10 (particles of size <10 µm). In this regard, it is worth mentioning that emissions of fine dust (especially PM 10 ) are among the main causes of health impacts from air pollution [7] [8] [9] .
Besides air pollution, a particular concern related to these two localities is also industrial waste. The clinker waste from smelting of ferronickel at Drenas/Gllogovc occupies a surface of 24 ha while its impact area is 71.37 ha, representing a potential source of pollution with heavy metals. Kastriot/Obiliq is even richer in the types and quantities of dangerous waste, including solid waste, chemicals and radioactive material [3] .
While information on the effects on humans and other organisms is still insufficient to give a complete picture of the potential health risks, there is evidence for genotoxic effects of the pollution emitted in Kastriot/ Obiliq; specifically, induction of chromosomal aberrations in Allium ascalonicum [10] , rat hepatocytes in vitro, [11] and Drosophila melanogaster [12] . Therefore we decided to carry out an investigation on the level of DNA damage in the human population in Kastriot/Obiliq and Drenas/ Gllogovc.
Human populations can be monitored for the effects of atmospheric pollution in various ways. Clinical markers can be used, such as respiratory function, or disease incidence, but an alternative approach is to make use of molecular biomarkers which are linked to specific disease etiologies, or at least reflect risk of such diseases as cancer or heart disease. DNA damage is frequently cited as a biomarker of cancer risk, since clearly a high proportion of cancers can be attributed ultimately to DNA-damaging events. Although most DNA damage is efficiently repaired, and many steps occur between the initiating damage and cell transformation, the incidence of significant DNA damage (normally measured in white blood cells) can be considered as a reliable marker of exposure to genotoxic agents.
The most commonly used method for measuring DNA damage is the comet assay (single cell gel electrophoresis) [13] . The assay detects DNA strand breaks (SBs) and also alkali-labile sites (ALS, converted to SBs by an alkaline incubation) by virtue of their ability to relax supercoiling in nuclear DNA, after lysis of agarose-embedded cells with detergent and high molarity NaCl. Relaxed DNA in the residual 'nucleoids' is attracted to the anode during (alkaline) electrophoresis, forming a comet-like tail when viewed under fluorescence microscopy, and the relative intensity of the tail reflects the frequency of DNA breaks.
There have been numerous investigations of the effects of occupational exposure to atmospheric genotoxins, but relatively few studies have addressed the issue of exposure of the general population to pollutants. Here we report the results of a preliminary investigation of DNA damage levels in random population samples from the two urban areas in Kosovo, described above, that are known to be contaminated by a nearby coal-fired power plant (Kastriot/Obiliq) and by a smelting plant for iron and nickel (Drenas/Gllogovc), compared with a "clean" control area (Peja).
Methods

Sampling
Venous blood samples (about 2 ml) were taken from 43 individuals (23 females and 20 males) from the unpolluted Peja region, 47 (3 females and 44 males) from Kastriot/ Obiliq and 45 (32 females and 13 males) from Drenas/ Gllogovc ( Figure 1 ). Recruitment was carried out in local tank and covered to a depth of about 2 mm with 0.3 M NaOH, 1 mM Na 2 EDTA at 4ºC, left for 20 min and then electrophoresed for 30 min with a voltage gradient of 0.95 V/cm, 300 mA. Gels were neutralized by washing twice in 0.4M Tris, stained with ethidium bromide (2 µg/mL) and examined with a fluorescence microscope (Zeiss AxioImager2) with a 20x objective. Lucia Image analysis software (Lucia, Prague) was used to analyze 100 nucleoids per slide (50 from each of the two gels), recording the % tail DNA.
Statistics
The mean % tail DNA was regarded as the index of DNA damage, and was used in further statistical analysis to compare levels of damage in the three population groups. SPSS software was used to apply the independent sample t-test, and to calculate the Pearson correlation coefficient. In figures, values of mean % tail DNA are shown with standard error of mean (SEM).
Results
As shown in Figure 2 , the mean % tail DNA for population groups from both Drenas/Gllogovc (N=45) and Kastriot/ Obiliq (N=47) was significantly higher, by more than onethird, than the mean % tail DNA for the 43 subjects from the unpolluted region of Peja.
We analyzed the mean values for the subjects from the three localities according to age. Mean % tail DNA was calculated for individuals younger than 50 and those 50 medical centers, from among individuals undergoing hematological investigation. The sampling took place during October and November 2014. Subjects were informed of the purpose of the study and gave their written consent. Blood was collected in Vacutainers (BectonDickinson) with EDTA as anticoagulant. The samples were brought to the laboratory within 6-7 h of collection, during which time they were kept at room temperature.
Comet assay
Blood samples were processed on the day of collection. Generally, samples from all three centers were analyzed in parallel. The comet assay was performed essentially as described by Collins and Azqueta [14] except that whole blood rather than isolated white blood cells was used.
A 20 µl aliquot of blood was mixed with 200 µl of 0.6% low melting point agarose in phosphate-buffered saline, and two 70 µl drops were placed on a microscope slide (precoated with 1% agarose in water and dried). For each individual, two gels were prepared. Glass coverslips were placed on the agarose drops, and slides were placed at 4ºC for at least 5 min. Coverslips were removed and slides placed in lysis solution (2.5 M NaCl, 0.1 M Na 2 EDTA, 10 mM Tris, 1% Triton X-100, pH 10) at 4ºC for 80 min. After lysis, slides were transferred to a horizontal electrophoresis areas. Valverde et al. [23] reported higher levels of damage in leukocytes and nasal epithelial cells from residents of south Mexico City compared with the north (but no difference for buccal epithelial cells). In tear duct cells, too, damage was higher (by about a third) when collected in the south of the city (with high levels of ozone) than in the north (with elevated levels of hydrocarbons in the air) [16] . DNA SBs in nasal mucosa cells in Florence, with a high level of ozone, were high in comparison with samples collected in Sardinia [24] . Piperakis et al. [25] found no difference in levels of SBs in leukocytes between urban and rural areas in Greece.
Traffic police have been a popular subject for study. Arayasiri et al. [17] compared 24 Bangkok traffic police with 24 office-based police, and found 70% higher levels of SBs in the outdoor workers. Police in Prague were selected for their occupational exposure to polycyclic hydrocarbons, and compared with subjects in occupations not associated with such exposure, and it turned out that there was no significant difference in SB levels in lymphocytes [18] . This was the case also in Rome, where traffic police were compared with office workers [19] . However, in a later study in Prague, higher levels of SBs were detected in lymphocytes of outdoor police compared with indoor, and oxidized bases were also higher (though only in samples taken in January, not in September) [26] .
A modification of the assay involves incubating nucleoids (after lysis) with an enzyme such as formamidopyrimidine DNA glycosylase (FPG) which converts altered bases to breaks, increasing the % tail DNA. Both SBs and FPG-sensitive sites were measured in and older. Figure 3 shows that the mean % tail DNA of the younger Peja subjects (4.89±0.72) is lower than that of subjects aged 50 or older from the same population (6.3 ± 0.77), indicating age-associated damage. This difference was marginally statistically significant (p=0.057).
In contrast, the mean % tail DNA among individuals from Kastriot/Obiliq and Drenas/Gllogovc did not differ significantly between the age groups. When the respective age groups were compared, the younger Peja group had significantly less damage (p<0.05) than the younger groups from the other sites (Kastriot/Obiliq and Drenas/ Gllogovc).
In addition, we analyzed the distribution of the nucleoids according to their % tail DNA, pooling all comet data from the subjects in each locality. In the subjects from the polluted areas, there is a shift in distribution from undamaged to slightly more damaged nucleoids -rather than the appearance of a small group of heavily damaged cells, as might have been expected if, for instance, DNA damage was secondary to cytotoxicity affecting a small proportion of cells.
Discussion
There have been some studies of the effects of air pollution on DNA damage in white blood cells (e.g. [15] ), and a few on other cell types (e.g. [16] ). The most common approach is to compare similar population groups living in polluted and clean areas. In some cases, individuals were compared on the basis of their occupation as being more or less exposed to ambient pollution [17] [18] [19] . A few studies included measurement of exposure, and looked for correlations with levels of DNA damage [17] [18] .
A series of studies was carried out in the heavy industrial region of Teplice in the Czech Republic, compared with an unpolluted rural area (Prachatice). No difference was seen in % tail DNA in leukocytes of either maternal or cord blood [15] . Human biomonitoring studies were also carried out in North Rhine-Westphalia, Germany where a 3.5-fold increase was found in DNA SBs in lymphocytes of children living near a coke oven plant in Duisburg North, compared with children from a rural area [20] .
Calderon-Garciduenas et al. [21] collected nasal epithelial cells from 148 children -19 living in an area of low pollution, and 129 from south-west Mexico City with high pollution -and found higher levels of DNA SBs in the latter. Tuntawiroon et al. [22] studied DNA damage in whole blood samples from schoolboys in highly polluted areas of Bangkok compared with a provincial area with low pollution. SBs were higher by almost 50% in the polluted PBMN (peripheral blood mono-nuclear) cells isolated from four groups of residents of Benin: a rural population as control, taxi-motor drivers in Cotonou, residents in streets with heavy traffic, and suburban dwellers [27] . SBs were significantly higher (by about 40%) in drivers and city dwellers than in rural subjects. FPG-sensitive sites were similar in city and suburban residents, highest in drivers and lowest in rural dwellers. Bus drivers, garage workers and office workers in Prague were compared for SBs and oxidized bases in lymphocytes [28] . SBs were highest in garage workers, and higher in drivers compared with office workers, but oxidized bases did not vary significantly between the groups.
Clearly an inability to detect a difference between exposed and control subjects could reflect simply a relatively low level of exposure (i.e. a small difference in exposure between the population groups studied), and so reports in which individual exposure is estimated can be particularly informative. In the Benin study, individual DNA damage levels correlated with a biomarker of benzene exposure measured in urine, as well as with levels of ultrafine particles in ambient air in the four studied locations [29] . DNA damage in the Bangkok police study correlated with levels of a 1-3 butadiene metabolite measured in urine [17] . Personal monitoring of exposure to respirable particles (<2.5 µm) correlated with the % tail DNA of the women in Teplice [29] . However, Sørensen et al. [30] found no association between personal exposure of students in Copenhagen to PM 2.5 and either SBs or FPGsensitive sites. SBs measured in whole blood samples from adolescents in Antwerp correlated with outdoor ozone levels as well as with pollution markers measured in urine [31] . Palli et al. [32] also found an association between DNA damage and ozone levels in residents of Florence. In the Prague police study, oxidized DNA bases correlated with exposure to polycyclic aromatic hydrocarbons [26] .
The results reported here for Kosovo add to the body of evidence that atmospheric pollution is a significant inducer of genetic damage that is a likely precursor of cancer.
A limitation of this present study is that the subjects were simply recruited as they arrived for a routine hematological examination. On giving their informed consent, a small sample of blood was retained for comet assay analysis. Apart from age and sex, no anthropomorphic information is available. In particular, it is not known which of the subjects (from the polluted areas) are employed in the polluting industries and therefore likely to be more exposed. However, the groups of subjects may be regarded as representative of their respective regions, and the observed increase in DNA damage in the subjects from Kastriot/Obiliq and Drenas/Gllogovc compared with those from Peja indicates a potential health threat to the population as a whole. A reasonable and testable prediction is that were the workers in the polluting industries to be examined, the mean level of damage would be higher still. It is possible that, among the subjects attending a clinic for a health check, there was a disproportionate number of factory workers, but this would not affect the conclusion that exposure to airborne pollution is associated with elevated DNA damage.
An apparent dependence of damage on age (higher levels in the older population) is seen in the population from Peja but not in the groups from polluted areas. This is not easy to explain. White blood cells are relatively shortlived, and so the increase with age cannot represent a lifelong accumulation of damage. It possibly reflects a superior ability to resist or repair damage in the younger age-group -in which case the absence of this effect in the populations from the polluted cities would indicate a compromised resistance affecting even younger subjects.
For logistic reasons, the basic comet assay was used to measure DNA SBs and ALS. The ability to measure oxidized purines (using FPG) increases the sensitivity and specificity of the assay. In further studies of these populations, it is planned to use this modified assay.
Whole blood samples were analyzed, again for logistic reasons. It is possible (and more usual) to isolate mononuclear cells (mostly lymphocytes) by differential centrifugation. Recently, a simple procedure for isolating the complete leukocyte population by simple centrifugation from thawed frozen blood, in which the red cells have lysed, has been described [33] [34] . The isolated white cells can then be challenged with H 2 O 2 to assess antioxidant resistance by the yield of DNA breaks [34] . We would hypothesize that antioxidant status could be compromised by environmental or occupational exposure to polluted air.
Conclusion
In our preliminary investigation of blood cell DNA damage in randomly recruited subjects, we have found significantly elevated levels of damage in subjects from two heavily polluted areas compared with subjects from a town with no heavy industry and clean air. The level of damage is comparable with that seen in other studies and implies that there is a potential risk to human health. While the measuring of emission of pollutants is clearly necessary, it is not sufficient for accurate estimation of risk to human health. It is also necessary to set up a system for continuous biomonitoring of human populations in both polluted and control areas.
